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ABSTRACT
Assessment of slope stability or landslide is a complex geotechnical problem that
involves much uncertainty. To consider combined effects of the uncertainties in soil
parameters and changes in pore water pressure, reliability theory may be employed. In
this dissertation study, a reliability-based framework for the probabilistic analysis of
recurrent landslides is developed.
Generally, the stability of a slope is analyzed deterministically with methods of
limit equilibrium and a factor of safety is computed. This approach is referred to as the
deterministic approach. However, a deterministic analysis alone may not be sufficient in
assessing the risk level of a landslide in view of the uncertainties inherent in the input
parameters.
Eliminating uncertainty from a landslide site is difficult due to the large variation
of the groundwater level and uncertainty in the shear strength parameters. However, a
reliability-based approach, which considers the variation in the ground water level and
uncertainty in the shear strength parameters, is shown to be useful in coping with the
uncertainties. With this approach, different levels of warning for the landslide stability
are developed. Furthermore, the relationships between increased pore-water pressure and
total rainfall are demonstrated to be a useful tool for assessing slope instability for similar
landslide-prone areas under similar climatic conditions and geologic settings.
Using the probability of failure calculated with the reliability analysis, a strategy is
implemented for predicting the risk of an impending landslide and a cost assessment is
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performed to evaluate the feasibility of the alternative engineering decisions for
remediating the landslide.
An important landslide which occurred in Tegucigalpa, Honduras in October 1998
provides a case study to demonstrate the proposed framework. Whereas, previous studies
have attempted to define the potential danger of the El Berrinche landslide, uncertainty
has not been adequately addressed, which compromises realistic projections of the failure.
To date, no consensus among local authorities exists on what solution is feasible and
cost-effective. The landslide at El Berrinche involves a complex failure scheme. Two
major types of failure have been identified: a small debris flow which started at the toe of
the landslide, and a near-rotational failure along a relatively thin shear plane area which
occurs within the altered shale. The results of this case study demonstrate the advantages
of employing the probabilistic approach over the use of the deterministic approach in a
risk-based engineering decision making regarding the alternative remedial measures.
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CHAPTER ONE
INTRODUCTION

Background Information
Landslide is often one of the greatest natural catastrophes; slope failures are not
only destructive, but they can also become deadly. Although some slope instability can
be attributed to human causes, natural landslides usually claim a heavier toll.

As

population density increases worldwide and useful land becomes less available, more and
more people are moving into higher-risk areas, especially at the foothills, which pose a
challenge to the engineering community to prevent or reduce the effect of landslides. In
this sense, landslides are becoming of great importance and engineering assessment is in
demand to better understand these geo-hazards.
The first use of the term ‘landslide’ was recorded in 1838 by J. D. Dana, and it may
be the earliest classification of landslides (Cruden, 2003). As communication technology
improves, it seems that landslide related information is more frequent and better
documented. Examples of recent failures can be found in the La Conchita, California
(Jibson, 2005); Las Colinas, El Salvador (Crosta, et al., 2005); Pink Mountain, Canada
(Geertsema, et al., 2006); Kosec, Slovenia (Mikos, et al., 2006) and many other
countries as well. These landslides have caused great damage and destruction to the
public.
Slope instability can be attributed to many factors which have been identified in the
literature, such as earthquakes (Keefer, 2005), rainfall (Collins and Znidarcic, 2004;
Rahardjo, et al., 2005), weak-layers (Georgiannou and Burland, 2006; Hsu and Nelson,
1

2006), erosion (Greenwood et al., 2006), rapid drawdown (Viratjandar and Michalowski,
2006) among others. The factors involved in each slope failure incident can be very
unique and can comprise a combination of several factors; in this sense, four main
categories are defined in this study as relevant factors to be considered in landslides risk
assessment, especially in recurrent landslide locations.
A quantitative evaluation of the stability of a slope is important; usually, the
assessment is made in terms of a deterministic analysis, in which the factor of safety of
the slope under static conditions is computed. The factor of safety may be defined as the
ratio between the available strength of the soil and the strength required for a state of
incipient failure along a possible slip surface (Sarma and Tan, 2006). Several different
methods of slope stability analysis are currently available; among these, the conventional
methods of slope analysis are based on the concept of limit equilibrium. Even though
finite element analysis is becoming an attractive alternative, the vast majority of slope
stability analyses are performed in two dimensions under the assumption of plane strain
conditions (Griffiths and Marquez, 2007). Several methods are available to find the
factor of safety in a rigorous way (Janbu, 1954; Bishop, 1955; Morgenstern and Price,
1965; Spencer, 1967; Sarma, 1973, 1979). Because of its ease and well disseminated
concepts, the limit equilibrium technique will probably continue to be used in routine
slope stability analysis.
However, a deterministic analysis alone may not be sufficient in assessing the risk
level of a landslide in view of the uncertainties inherent in the input parameters.
Accordingly, it has been recognized that the factor of safety is not a consistent measure of
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risk, since slopes with the same safety factor value may exhibit different risk levels
depending on the variability of the soil properties (Li and Lumb, 1987). Consequently,
numerous studies have undertaken to develop a probabilistic slope stability analysis to
deal with the uncertainties of soil properties in a systematic manner (Alonso, 1976;
Vanmarcke, 1977; Li and Lumb, 1987; Christian et al., 1994; El-Ramly et al., 2002;
Griffiths and Fenton, 2004). Probabilistic models can facilitate the development of new
perspectives concerning risk and reliability that are outside the scope of conventional
deterministic models.
In this study, a framework for a landslide risk assessment is presented.

The

procedure is based on a First-Order-Second-Moment (FOSM) approach (Duncan, 2000),
as well as the Vertex Method (Juang et al., 1998). A reliability-based approach, which
considers the variation in the ground water level and uncertainty in the shear strength
parameters, is shown to be useful in dealing with the uncertainties. With this framework,
different levels of warning for the landslide stability are developed. Furthermore, the
relationship between increased pore-water pressure and total rainfall are demonstrated to
be a useful tool for assessing slope instability for similar landslide prone areas under
similar climatic conditions and geologic settings.
Using the probability of failure calculated with the reliability analysis, a strategy is
implemented for predicting the risk of an impending landslide and a cost assessment is
performed to evaluate the feasibility of the alternative engineering decisions for
remediating the landslide.
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An important landslide which occurred in Tegucigalpa, Honduras in October 1998
provides a case study to demonstrate the proposed framework. Whereas, previous studies
have attempted to define the potential danger of the El Berrinche landslide, uncertainty
has not been adequately addressed, which compromises realistic projections of the failure.
To date, no consensus among local authorities exists on what solution is feasible and
cost-effective. Additionally, there has not been much research in the area of probability
approach for recurrent landslides and the corresponding risk assessment. In this sense, the
El Berrinche landslide provides a good opportunity for this dissertation study.

Case Study Setting
The El Berrinche landslide is located in the northern part of Tegucigalpa, capital
city of Honduras, Central America. A panoramic view of the El Berrinche landslide is
shown in Figure 1.1. The topographical and geological maps of the area depict a series of
landslides that have occurred in the El Berrinche area previously, possibly during the past
hundreds of years. This can be deduced by the geometry of the zone and geological
structure of the area (Flores et al., 2007). For the past 34 years, there have been at least
three noticeable landslides at El Berrinche.
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Figure 1.1 El Berrinche Landslide Panoramic View.
The first of the three significant slides occurred in 1974. There is no known
documentation in the form of written reports or available literature. During this period,
the Municipality of Tegucigalpa (AMDC) registered constant maintenance to the dirt
road that crossed the area from north to south. The national water works (SANAA)
investigated the area due to frequent claims and repairs; general information suggests that
a small landslide was triggered during the passage of Hurricane Fifi. It is important to
mention that the failure is believed to occur at the relatively shallow depth within the
upper colluvial cover, since not much destruction was induced and neither was a
significant land mass displaced. Nevertheless, this is speculative since there is a lack of
documented evidence provided from this event.
The second landslide occurred in 1987, which produced considerable damage in
homes and infrastructure of the already populated neighborhood.

The landslide

captivated some attention and produced a geological interpretation of the area (King and
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Ramirez, 1987). Kozuch and Mejia (1988) mentioned that the top colluvial deposits of
the landslide area were unstable and favored more failures. The ITS-Lotti investigation
(ITS-Lotti, 1988) which was part of the SANAA (water works) master plan for
Tegucigalpa produced maps of the surface geology, faults and fractures, topography and
geomorphology of the city that included the El Berrinche site. Furthermore, a government
initiative led by the National Autonomous University of Honduras (UNAH) in
coordination with an emergency response committee conducted a geotechnical study of
the area (Andino, 1994).

From this study, the site was deemed unsafe and

recommendations against further settlements in the area were advised.
A third and most recent movement was experienced in October, 1998 during the
period of the passage of the Hurricane Mitch. During this last event, the volume of
material displaced was approximately 6 million cubic meters (Harp et al., 2002a); and the
landslide experienced during this last event surpassed the levels of destruction held in the
past. This catastrophic event triggered the intervention of several agencies and much
greater government involvement, which yielded a much broader evaluation of the
landslide area.

Objectives and Scope of Dissertation
In this study, the failure mechanism of the El Berrinche landslide is examined
based on geotechnical and geological investigation, and the attributes and triggering
factor are deduced and presented. An important element of this study is to perform an
up-dated assessment of the stability condition of the El Berrinche landslide site
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considering uncertainty related to shear strengths, unit weight and changes in pore water
pressure.
Reliability analyses that consider parameter uncertainties are performed to
determine the probability of failure of slope. Consequently, mitigation alternatives can
be compared based on the associated failure probability or risk. A program for slope
improvement or mitigation campaign may be justified and put into service.
Although reliability analysis for slope stability has gained some recognition in
literature, substantial implementation and published case studies are not as common
(Christian et al, 1994; El-Ramly, 2002); thus, this dissertation study is expected to
contribute to the geotechnical literature by providing a framework for probabilistic
approach for a well-documented recurrent landslide.
Despite being investigated previously by distinct entities from three different
continents (United States Army Corps of Engineers, Japanese International Cooperation
Agency, Spanish Association of International Cooperation), resolution on what is the
most feasible and cost effective mitigation solution for the El Berrinche landslide remains
pending. The factor of safety concept is an engineering criterion that is not easily
understood by politicians and bureaucrats, and in this manner, work to prevent the actual
hazard is often delayed or even dismissed. Duncan and Wright (2005) suggested that it is
generally easier to explain the failure potential in terms of probability of failure or risk to
layman.

Thus, in this study, the focus is placed on probabilistic analysis of the El

Berrinche landslide, considering the uncertainties in the main input soil parameters.
Furthermore, a procedure is developed to assess the “tolerable” level of risk based on the
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estimated cost and consequence of failure. This procedure can help choose the most
effective remedial measure, ultimately alleviating the adjacent neighbourhoods that are
vulnerable to a returning mass movement triggered by the landslide.
Finally, the proposed framework for landslide evaluation is expected to assist
public entities in understanding and assessing landslides, and to assist in the decision
making regarding natural slope stability. Furthermore, it may also serve as a guide to
private firms for conducting landslide studies.

Structure of the Dissertation
This dissertation consists of six chapters. Chapter One provides an introduction
to the proposed analysis framework, an overview the El Berrinche landslide, as well as
the objectives and scope of the study.

Chapter Two describes the case study

corresponding to the 1998 El Berrinche landslide and identifies all the failure attributes.
Chapter Three presents the deterministic back analysis of the 1998 El Berrinche landslide
and establishes the failure mechanism. Chapter Four performs the reliability analysis for
assessing the probability of failure taking into account of the uncertainties in the key soil
parameters. Chapter Five offers possible remedial measures and engineering solutions to
the El Berrinche landslide. Finally, Chapter Six concludes this dissertation study with
conclusions drawn from the previous chapters; it also includes recommendations for
future work.
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CHAPTER TWO
MOST RECENT FAILED EVENT AND ATTRIBUTES
The El Berrinche Landslide in 1998
Hurricane Mitch, one of the most devastating hurricanes of the last century, struck
Central America in late October 1998 (Smith et al., 2001). The path of Hurricane Mitch,
as shown in Figure 2.1, was exceptionally destructive and experienced throughout the
extent of the Republic of Honduras. Torrential rainfall produced by the tropical storm
instigated landslides and other type of ground movements over much of the mountainous
terrain of Honduras. In the vicinity of the capital city, Tegucigalpa, a number of
landslides occurred. As shown in Figure 2.2, the city of Tegucigalpa has numerous areas
prone to landslide activity caused by an irregular terrain. One of the largest mass
movements took place on the eastern slope of El Berrinche, one of several low mountains
within the northern part of the city.

9

Tegucigalpa
Oct. 31
Oct. 30

Note: http://www.accessnoaa.noaa.gov/images/mitch.jpg and http://weather.unisys.com/hurricane/atlantic/1998H/MITCH/track.gif.

Figure 2.1 Size and Path of Hurricane Mitch Throughout the Extent
of the Republic of Honduras.
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Note: ITS-Lotti, 1988.

D/Og
D/Mpmi
Symbol
D/
Qal
Qel
Mpmr
Mpmp
Mpmi
Og
Om
Kvc

Qal

Qel

Mpmr

Mpmp

Mpmi

Og

Om

Kvc

Description of Geological Unit
Landslide area / accompanied by geologic formation
Alluvial deposits and floodplains
Colluvial deposits
Padre Miguel Formation, vitrified-crystalline rhyodacite with biotite
Padre Miguel Formation, thin layers of clayey tuff, basal ignimbrite tuff
Padre Miguel Formation, principal sequence of ignimbrite tuff
Vitrified ignimbrite with quartz and sanidine crystals
Mafic flows and upper andesite
Valle de Angeles Formation, a sequence of red mudstones, shales, sandstones and conglomerates

Figure 2.2. Location of Several Landslides in the Northern Part of the City of
Tegucigalpa.
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During the passage of Hurricane Mitch from October 29-31, 1998, heavy rain fell
on the city of Tegucigalpa, particularly on October 30th and 31st. Early in the morning of
the 31st, when the rain reached its maximum intensity, parts of the landslide began to
travel down-slope towards the Choluteca River. As the day progressed the landslide
continued to move in different areas. By noon, the main landslide came to a halt but had
accomplished much of its destruction.

Throughout the afternoon, small slides and

mudflows occurred around the margins of the main landslide (Flores et al., 2007).
A significant amount of mass from the El Berrinche landslide traveled across the
Choluteca River and impacted several buildings on the eastern bank, already within
Tegucigalpa’s historic downtown area. All of the homes and structures on the hillside
were totally destroyed. Most of the occupied neighborhood, Colonia Soto, was ruined in
the land-movement, as were parts of the southern edges of Barrio El Porvenir and
northern edges of Barrio 14-de-Febrero, as they collapsed into the depression created by
the landslide. Homes around the flank of the landslide continued to plummet for several
days (Smith et al., 2001).
When the debris crossed the Choluteca River a natural blockage was formed by the
toe of the landslide (see Figure 2.3). This natural barrier, created a reservoir for several
kilometers upstream from the landslide mass in the river channel (Roper, 2000).
Widespread flooding occurred in Tegucigalpa as a result of the landslide blockage and
the excessive rainfall runoff produced by the hurricane (Harp et al., 2002b). Upstream
from the landslide, the Choluteca River floodplain experienced extensive damage from
flood sedimentation. Additionally, associated streams, creeks and smaller rivers were
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‘backed-up’ when the Choluteca River water elevation rose and obstructed the natural
drainage of the smaller tributaries (Flores et al., 2007). The above situation created a
major environmental issue, attributed to the fact that effluents were stagnant throughout
the city and surrounding suburbs. Most of the city’s sewer systems that ran parallel to the
Choluteca River bed and creek channels were damaged or destroyed, this provoked an
important environmental concern (Harp et al., 2002). In fact, one of the most pressing
problems immediately after the hurricane was the removal of the ‘dam’ or blockage
created by the landslide.

13

Blockage
Reservoir

Figure 2.3 Natural Barrier Formed by El Berrinche Landslide (IGN Aerial Photograph,
December 1998).
The unprecedented damage caused by the landslide and subsequent flooding to the
city of Tegucigalpa revealed a number of important aspects concerning the vulnerability
of the city’s infrastructure, as well as, the ill preparedness to deal with the impact of
natural phenomena. Remedial measures have been proposed to improve the factor of
safety of the existing slope (Smith et al., 2001; JICA, 2002), but these recommendations
have not been pursued. With the passage of time, the stability condition has changed and

14

presently is not known. Thus, the threat represented by the landslide could be real and
awaiting to be initiated once again. Moreover, despite being thoroughly investigated, by
local standards, through distinct entities from different countries, resolution on what is
the most feasible and cost effective mitigation solution for El Berrinche landslide remains
pending. Indeed, there is difficulty meeting high costs of controlling natural hazards
through major engineering works in countries under-development; nevertheless, El
Berrinche is by far the most investigated and best monitored landslide in Honduras and
possibly the region of Central America, thus valuable lessons may be learned from this
devastated site.

Geotechnical Evaluations
To date, approximately 9 years after the last landslide incident, there have been
three geotechnical studies performed at El Berrinche; each has contributed to the
knowledge of the landslide at different levels. The first study was conducted by the
United States Army Corps of Engineers (USACE) in conjunction with the Secretary of
Natural Resource of Honduras (SERNA) from October 1998 to June 2001. Supported by
the World Bank, the USACE report has been the most noteworthy study to date; it
included an assessment of the geotechnical situation of the slide; risks and mitigation
efforts were explained, and critical instrumentation was also installed consisting of
piezometers and inclinometers. Additionally, some immediate remedial measures were
implemented comprising of terracing, riverbed dredging, superficial canals, and drainages
were also constructed; it included a small reforestation with grasses to aid rapid surface
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run-off. At the end, the USACE left behind 7 piezometers and 4 inclinometers for
monitoring purposes.
The second investigation was by the Japanese International Cooperation Agency
(JICA, 2002); this study focused in the hazard mapping of Tegucigalpa and
comprehended an evaluation of the Choluteca River basin, which exits the city at the El
Berrinche site.

Due to the magnitude of the slide and the effect on the city’s

infrastructure, JICA proposed several remediation methodologies for the landslide. Three
(3) piezometers and 8 inclinometers were installed in 2002. This work was done under
the supervision of the Secretary of Public Works, Transportation and Housing
(SOPTRAVI).
The third study came by means of the Spanish International Cooperation Agency
(AECI, 2003); this effort continued with the monitoring of the instruments installed by
USACE and JICA for an extent of 8 months.
The instrumentation installed at El Berrinche included monitoring of surface
movements by means of a geodesic control; subsurface deformations by inclinometers
and the pore-water pressure with piezometers. A topographical map which includes the
location of the inclinometers and piezometers within the landslide area is shown in Figure
2.4. Moreover, a summary of the inclinometers and piezometers is described in Tables
2.1 and 2.2, respectively.
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Figure 2.4 Location of the Inclinometers and Piezometers in the Landslide Area.
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Table 2.1 Inclinometers Installed in El Berrinche.
Number
1
2
3
4
5
6
7
8
9
10
11
12

Inclinometer Designation
Inclinometer 1 USACE(INCL-1)
Inclinometer 2 USACE (INCL-2)
Inclinometer 5 USACE (INCL-3)
Inclinometer 4 USACE (INCL-4)
Inclinometer 1 JICA (B1)
Inclinometer 2 JICA (B2)
Inclinometer 3 JICA (B3)
Inclinometer 4 JICA (B4)
Inclinometer 5 JICA (B5)
Inclinometer 6 JICA (B6)
Inclinometer 7 JICA (B7)
Inclinometer 8 JICA (B9)

Depth
(m)
30.0
61.0
61.0
50.0
40.0
50.0
35.0
25.0
25.0
60.0
25.0
30.0

Recorded Depth of
Max. Displacement
(m)
26.0
41.0
26.0
24.0
22.5
15.0
8.0
8.0
8.0
46.5
8.0
27.5

Table 2.2 Piezometers Installed in El Berrinche.
Number
1
2
3
4
5
6
7
8
9
10

Inclinometer Designation
Piezometer 1 USACE (BS-1)
Piezometer 2 USACE (BS-2)
Piezometer 3 USACE (BS-3)
Piezometer 4 USACE (BS-4)
Piezometer 5 USACE (BS-5)
Piezometer 6 USACE (BS-6)
Piezometer 7 USACE (BS-7)
Piezometer 1 JICA (B8)
Piezometer 2 JICA (W1)
Piezometer 3 JICA (W2)

Depth
(m)
25.5
27.3
27.3
52.7
56.8
60.0
25.0
30.0
15.0
35.0

Mean GWL
Below Surface
(m)
17.6
17.4
22.8
25.9
16.5
18.0
15.8
19.3
2.3
18.1

The inclinometer analysis concluded that the slide is slowly displacing towards the
east-southeast. All of the inclinometers in the lower part of the landslide within the
constructed berms parallel to the River have collapsed due to shearing (B-4, B-5, B-7 and
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B-8). The critical depth in this area is between 8.0 to 15.0 meters from the surface,
locating the failure plane below and above the river’s water table. Inclinometer B-6 also
shows deep shearing, nearly 50.0 meters below surface.
In order to measure the groundwater, there are 2 types of piezometers installed at
the site. The USACE installed standpipe piezometers, while JICA installed open-end
wells. The groundwater level analysis, held during the 8-month period monitored by
GeoConsult for the Spanish Cooperation Agency (October 2002 to June 2003), concluded
that the piezometric level generally decreases throughout the year. However, the intense
rain fall held in May and June directly affected the piezometric level increasing its height
significantly; this situation may be attributed to the permeable colluvial mantle as well as
the recharge through the higher extensive ignimbrite plateau. The piezometric level
during the last 2 months (May and June) scaled upward in all of the instruments and left a
higher level than the original level registered at the beginning of the monitoring period.

Characteristics of the Landslide
Based on the study of the characteristics of the El Berrinche Landslide, four
categories or factors are deemed responsible for initiation of the landslide. They are
discussed herein.

Geological Factors
Subsurface investigations by borings combined with surface mapping determined
the geologic conditions at the El Berrinche site. The longitudinal profile of the El
Berrinche landslide is shown in Figure 2.5, which summarizes the geological
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interpretation. The landslide area contains several types of geologic materials. Within
the landslide mass, enveloping colluvial deposits covers the site. The colluvial cover is
composed mainly of angular boulders and cobbles within a red clayey-silty matrix.
Boulders, angular gravel and cobbles originate from the upper ignimbrite; the finegrained soil is derived from either the tuff or weathered red bed silts and clays, both are
described below. Distinctive colluvial units may be identified representing separate
shallow mass failure events. Some lenses within the colluviums may become slick when
the silty-clayey matrix becomes saturated under heavy rainfall, which would reduce the
friction between the angular grains and causing small debris flow as gravity pulls on the
mass.

These small failures represent instability and a degree of unsatisfactory

performance within the landslide mass (USACE, 1997). However, they do not correspond
to catastrophic failure. The depth of the colluvial deposits may vary between a few
centimeters, particularly at the top of the landslide, to several dozen meters, as it occurs
within the main compression block located in the south-eastern end of the landslide.
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Figure 2.5 Longitudinal Profile of El Berrinche Landslide.
Above the colluvial deposits, in the western side of El Berrinche, a significant
outcrop of vitrified ignimbrite of the Cerro Grande Group is found extending for several
kilometers above the landslide. The ignimbrites of the Cerro Grande member on top of
El Berrinche are highly fractured, which allows moderate infiltration of rainfall to move
vertically through the material and into the weaker rocks below (tuff and shale).
Adjacent to the site, the ignimbrites are practically resistant to erosion, though some
block toppling failures have occurred in the past, especially, as weathering effects
deteriorate cracks and joints. The gray-colored ignimbrite cap is massive, fairly flat and
forms a steep cliff-like slope 15 to 30 meters high on the top of the slide. When heavy
precipitation occurs, additional surcharge of the ground water within the landslide mass is
created from pluvial run-off.
Below the ignimbrite, an irregular layer of well-defined volcanic tuff outcrops at
the upper southwest section of the slide. The tuff unit outcrops in a lens 2 to 5 meters in
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thickness and is easily identified within the matrix of the debris flow and mudflow
deposits as a white-colored silty-clay and sandy-silt material (Flores et al., 2007). Tuff
has a notorious low strength, even lower when wet; it loses cohesion when exposed to
weathering effects (Smith et al., 2001). However, neither the ignimbrite nor the tuff are
considered as major contributors to the planes of weakness involved in the landslide
events since both are located slightly above the head scarp of the landslide, therefore they
are not included within Figure 2.5.
Within the landslide mass, underlying the colluvial mantle, a main geologic unit
known as Rio Chiquito Formation typically occurs. The most widespread geologic
material from the Rio Chiquito Formation is the “red bed” – denoted at ‘lutite’ or better
known as shale. In El Berrinche, the red beds have been mapped as three very distinctive
components: 1) An upper massive fissile red bed or residual soil, which corresponds to a
severely weathered sedimentary deposit of silt and clay produced by physical and
chemical disintegration of underlying parent rock. 2) The basal unit denoted as the Rio
Chiquito Formation consisting of alternating finely stratified beds of clay, mud or silt
with strata generally from 0.4 to 2.0 meters thick, referred as unweathered shale or
bedrock. 4) And finally an intermediate layer between both of the units described above
defined as altered red-beds: This relatively thin layer (1-5 m) of altered red beds consists
of laminated structure of silty clay and is considered to be over-consolidated. A special
characteristic for some over-consolidated (OC) clays is that they have a high swell
potential and loss of strength with time. Specifically, some OC clays can have high shortterm peak strength but low long-term residual strength (Smith et al., 2001).
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The most important planes of weakness occur within the altered red beds of the Rio
Chiquito Formation, primarily within the bottom border which overlays a more lithified
shale deposit. Water seeps through the upper cracks and scarp of the landslide and is
allowed to travel down-slope towards the river. It may slowly move into the clay and
cause swelling of clay, which would reduce available strength. As this clayey material
becomes uncovered by progressive erosion over long periods of time, they remain with
low strengths and become chronically unstable (Flores et al., 2007). Orientation of the
lamina is dipping at approximately at a 45o angle and with a strike slightly to the SE. In
addition, the weathered shale has probably a comparative low permeability, thus water
that does infiltrate through the higher fractures and cracks is naturally entrapped between
the residual soil and the unweathered bedrock within the altered red-beds (Flores et al.,
2007). This recharge action allows ground water during winter months (rainy season) to
run above and along the bedrock horizon, evidently with a high piezometric gradient.
Similarly, the colluviums permit abundant infiltration creating an independent higher
groundwater table parallel to the residual soil’s upper boundary. The clayey material is
exposed in numerous outcrops in the area where the colluviums are thin or non-existent.
The unweathered Rio Chiquito Formation mentioned previously is the basal unit of
the landslide. Comprised of alternating beds of clays, mud and silts, the stiff red beds are
a sedimentary well lithified rock essentially unaltered since its sedimentary deposition.
However, they are easily fractured and fissile in nature, especially when subject to
weathering effects. Furthermore, the general dip of the beds at the site is roughly
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matching the slope of the landslide. Figure 2.6 depicts the major morphological units
present at the site.

Ignimbrite

Volcanic Tuff
Río Chiquito Red Beds

Colluvial

Figure 2.6 Superficial Geological Units Present in El Berrinche Landslide.

Hydrological Factors
The hydrological factors may be considered in terms of surface hydrology and subsurface hydrology.

The present surface hydrological features of El Berrinche site

consists of small runoff channels, a few intermittent springs and the Choluteca River.
Prior to the last failure in 1998, it can be observed from aerial photographs that several
large near circular depressions were located in the upper end of the site (see Figure 2.7).
Local residents affirmed that cloth-washing was done in that area previously. These
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pond-like depressions were probably created by previous movements that left the site in
an irregular condition. Another hydrological feature is the overflow channel located in
the SW end of the site where great amounts of surficial water drains-off the relatively flat
plateau of the El Berrinche (Flores, et al, 2007). Certainly, this hydrological charging
from the watershed in the upper end of the site helps generate a strong piezometric
gradient, in addition to high pore-water pressures. Situated at the bottom of the site, the
Choluteca River serves to route away the overland flow and subsurface seepage
contributed from El Berrinche site. During large storms, the Choluteca River actively
erodes the toe of the landslide providing some amount of de-stabilization, especially as
the water level begins to drop, representing a rapid draw-down, similar to what is
experienced in dams and levees. It is also the area where the pore pressures in the soil are
most likely the greatest, with the result that the soil strength will be low. Consequently,
soils in the toe of the landslide are especially susceptible to mass failure and erosion by
elevated flows of the Choluteca River (Smith et al., 2001). It is important o recognize
that there was no subsurface data available for El Berrinche site until the USACE
installed piezometers in late 1999. Readings have not been taken continuously, however
intermittent results are available since 1999 from the piezometers installed by the Corps
and by JICA.
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Pond-like
depression
Surface
Run-off

River
Figure 2.7 Hydrological Features Present at El Berrinche
(IGN Aerial Photograph, 1989-1990).

Meteorological Factors
For a keen observer it may be startling to know that since the past decade the
Atlantic has been producing powerful hurricanes at an alarming pace, doubling that of the
previous quarter century (Carroll, 2005). Heavy rainfall produced by large scale tropical
storms contributes additional mass that ultimately triggers or drives landslides in much of
the Central American area. Meteorological data for El Berrinche site was extrapolated
from the Tegucigalpa International Airport. Historical records from the past 10 years
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show that mean monthly precipitation in the Tegucigalpa area has 2 peaks: one in May –
June, by means of frequent afternoon convectional showers, and the second highest peak
from August to October, reflecting the influence of tropical storms and hurricanes (Smith
et al., 2001). As mentioned earlier, much of the precipitation at the site infiltrates the
landslide mass, causing excessive pore water pressures and a substantial loss of soil
strength. Figure 2.8 shows the meteorological data from January 1998 to June 2008. It
can be observed that the peak experienced in October, 1998 was extraordinary, depositing
nearly 500 mm of rain. During a two day span, October 30th to the 31st, the amount of
rain poured was 241 mm.

Figure 2.8 Precipitation Record for the City of Tegucigalpa According to the
Aeronautical Rain Gage Located at the airport.
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Topographical Factors
The topography of the site is evidently a product of the geological history and
processes. It is difficult to separate the terrain as a distinctive factor. Moreover, the site
hydrology is to a great extent influenced by topography (Smith et al., 2001). The
inclination length of the slope is substantial creating a large surface for hydrologic
charging of the subsurface. The nearly 250 meters of elevation difference from the top of
the slope to the Rio Choluteca provides plenty of potential energy for gravitational forces
to instigate slope failure.

Causes of Slope Failure
The landslide at El Berrinche had a complex failure scheme; it is not uncommon for
massive landslides to have several different types of failure mechanisms interacting
within the same slide and sometimes one movement will trigger a second type of failure.
The movement of the main block can cause subsequent debris flows, rock slides,
rotational block slides and subsidence. In the past some toppling failures have taken
place from the ignimbrite cap located at the western end of the landslide; the current
scarp and the orthogonal fractures of the visible rock, along with the abundant content of
ignimbrite boulders in the several layers of colluvial deposits, clearly demonstrate this
type of failure is recurrent.
Aerial photographs prior to and post the 1998 failure allowed a topographic photorestitution of the landslide area. A detail topographic survey conducted by the USACE in
late 1998 by means of a triangular geodesic control of the landslide supported some
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evidence of a debris flow, as well as, a near rotational translational failure. According to
interviews and surveys held with local residents of the area, the landslide moved in a
relatively slow pace, lasting between 16 to 18 hours; fortunately, allowing many of the
inhabitants to move out of harm’s way. Movement began around midnight of October
30th and halted approximately at 4 to 6 p.m. of October 31st. This relatively slow
movement revealed that the landslide did not move as a simple circular rotational failure
plane, but rather that the mass movement was complex and it moved in segments with
time.
After 30 exploratory boreholes within the landslide area, two major types of failure
have been identified: a debris flow which started at the toe of the landslide, and a near
rotational failure along a relatively thin shear plane area which occurs within the red beds
of the Rio Chiquito Formation, primarily along the contact of the weathered shale with
the lithified shale deposit. This weak layer was identified by the USACE and later
verified with the drillings done by the JICA. It is significant to point out that the shear
plane area practically concurred with the original failure zone.
Failure of the landslide was caused by a combination of all the characteristics
discussed above. Torrential rainfall discharged upon the site and infiltrated through the
relatively permeable colluviums. At the same time groundwater level too was being
surcharged from the above relatively flat ‘cerros’ (hill plateau) and through the upper
cracks causing it saturate the residual soils and seep through the altered red beds. The
high pore-water pressure reduced material strengths which were also at substantial high
elevations, particularly near the middle of the landslide.
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At the bottom of the landslide, due to outstanding raining conditions the river’s
elevation was exceptionally high; seepage from the landslide was not allowed to exit at
the southern part of the toe attributed to the overlying aquitard (massive residual clay
lens), hence contributing to a strong rise in the piezometric level - quite possibly the pore
water pressures were above ground level at the time of failure. On the other hand, exit
seepage forces were extremely high at the north part of the toe resulting in a great
reduction in effective stress. By now, the soil’s strength loss at the toe is at a critical
point and low-strength materials are at relatively high elevations allowing gravitational
forces to attract the enlarged mass and failure to begin.
Once initiation of the failures occurred, they cascaded both up-slope and downslope, two separate areas are located as the main failure blocks or zones: On the north
side of the landslide, the main slide block moved into the river, creating a void that
caused the soccer field area to subside and move down-slope behind it. The down slope
movement of soil and rock masses continued to move up-slope until it reached the
exposure of the shear plane behind and under the rotational block which appeared to have
moved last. On the south side of the landslide, movement began in the upper end as the
slide block collided with an induced compression block, causing buckling and upheaval
of the Colonia Soto area (Smith et al., 2001).
The rotational block along the altered red beds is deep-seated, to a degree that it
possibly transcends below the river elevation and it practically jumps before reaching the
river causeway (see Figure 2.5). This theory is supported by the boreholes as well as the
original morphological description of the area (Andino, 1984). With this in mind, it is
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very likely that a geological fault mapped by both the IGN (1984) and ITS-Lotti (1988)
geology maps bisects the landslide at the toe (see Figure 2.2), providing in this way the
two separate areas of failure, a northern block and a southern block as described earlier.
Areas adjacent to the boundaries of the landslide continue to exhibit a degree of
instability. Some proof is evident by cracks in the ground surface indicating a slight
surficial movement. Also, ‘hanging’ blocks are evident on the north-western side; they
are referred to as ‘hanging’ because they are deemed dangerously situated on the side of
the slope ready to fall during the next major precipitation. Rebuilt houses manifest
cracked concrete slabs, fissured walls and some uneven settlement of floors. Installed
inclinometers in the adjacent areas depict deep displacements approximating the river
elevation within the shale (lutite) - unweathered red beds. The actual condition of the
adjacent materials is not well defined. In fact, neighboring areas seem as unstable as the
original landslide mass, and probably will eventually fail, however further studies are
required to make a proper assessment of the area.
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CHAPTER THREE
DETERMINISTIC ANALYSIS OF EL BERRINCHE

Fundamental Concepts
Regarding the most recent landslide event at El Berrinche, it has been challenging
to define the possible mechanisms of failure. Stability analysis of slopes by geotechnical
procedures is applicable only to the evaluation of failure along some definable surface
(Hunt, 2005). The basic requirement for stability of slopes is that the shear strength of
the soil must be greater than the shear stress of the driving forces as shown in Figure 3.1.

Figure 3.1 Soil Strength and Driving Stress.

The stability of the slope was analyzed by methods of limit equilibrium by
computing the factor of safety through simplified equations and slope stability computer
programs. The limit equilibrium technique of Spencer (1967) is analyzed by calculating
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the factor of safety (FS) which is defined as the ratio of the shear strength available along
the sliding surface over the acting shear stress:

FS =

shear strength
s
=
acting shear stress τ

(3.1)

Shear strength may be expressed using either effective stresses or total stresses depending
on loading conditions. For effective stresses the shear strength is expressed as,

s = c′ + σ ′ tan φ ′

(3.2)

where c' and φ' are the effective cohesion and friction angle, respectively.
Limit equilibrium analyses usually proceed through the division of the slope profile
that is being analyzed into a series of slices. The driving and resisting forces acting on
each slice are analyzed and summed to determine the overall FS. Several different
methods of slope stability analysis are currently available; among these, the conventional
methods of slope analysis are based on the concept of limit equilibrium. Equilibrium
conditions may be considered either for a single free-body diagram or for individual
vertical slices (Duncan and Wright, 2005).
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Single Free-Body Procedures
For the single free-body procedure, the slope is assumed to extend infinitely in all
directions and sliding is assumed to occur along a plane parallel to the surface of the
slope (Taylor 1948). Equilibrium equations are derived by considering a rectangular
block as shown in Figure 3.2.

Figure 3.2 Infinite Slope and Plane Slip Surface.
For effective stress analysis, the equation for the factor of safety becomes

FS =

(

)

c´+ γz cos 2 β − μ tan φ '
γz cos β sin β

(3.3)

Methods of Slices
In methods of slices, the soil mass above the sip surface is divided into vertical
slices depending on the slope geometry and soil profile. There are two types of methods
of slices; one assumes a circular slip surface, while the other assumes a noncircular slip
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surface. The circular procedures consider the equilibrium between overturning moment
and resisting moment, expressed as Equations 3.4 and 3.5 respectively
M d = r ∑Wi sin α
M r = r∑

si Δli
F

(3.4)
(3.5)

The factor of safety can be derived based on the equilibrium between overturning
moment and resisting moment.

∑ s Δl
∑W sin α

F=

i

i

i

(3.6)
i

Equation (3.6) can be further expressed as

F=

∑ (c + σ tan φ )Δl
∑W sin α

(3.7)

The Ordinary Method of Slices doesn’t take into account the forces on both sides of
the slice. As shown in Figure 3.3. The normal force which is perpendicular to the base of
the slice can be calculated as
N = W cos α
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(3.8)

Neglect
forces
here

W

Neglect
forces
here

S
N

Figure 3.3 Slice with Forces Considered in the Ordinary Method of Slices.

Given the area of the base of the slice is 1 ⋅ Δl , the overburden stress can be
expressed as

σ=

W cos α
Δl

(3.9)

Substituting this expression into Equation 3.7, the factor of safety can be derived as
follows,
F=

∑ (c′Δl + σ ′ tan φ )Δl
∑W sin α

(3.10)

The Ordinary Method of Slices is fundamentally sound method but relatively less
accurate. More accurate methods of slices have been developed including the Simplified
Bishop procedure, which assumes a circular slip surface and horizontal forces between
slices. The Simplified Bishop procedure satisfies moment equilibrium about the center of
the circle and force equilibrium in the vertical direction for each slice.
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May times the slip surface does not follow a circular shape; rather, it follows or
‘runs’ through zones of weak soil or rock. In such cases, it is necessary to compute
stability using more complex shapes for the slip surface. Several procedures have been
developed for noncircular slip surface, such as Lowe and Karafiath (1959) and the
simplified Janbu procedure (1973). The simplified Janbu procedure assumes that the side
forces are horizontal, and there’s no shear stress between slices. This procedure produces
a smaller factor of safety due to the former assumption. Thus, the correction factors were
proposed by Janbu. Although the correction factors are derived from a limited data pool,
they seem to provide an ameliorated FS value.
Deterministic Analysis
One major challenge presented for the stability analysis of many landslides is to
obtain the adequate shear strength parameters for the materials involved. El Berrinche
landslide is no exception and actually strength parameters were not well investigated. The
USACE report (Smith et al., 2001) describes the procedure led by Dr. Richard Olsen on
how the shear strength parameters were obtained from in situ tests within a mini-slide
that occurred at the foot of the landslide. Soil strengths were determined using field
instruments, specifically from exposed Rio Chiquito materials within the toe of the
landslide.

The superficial red clay was obtained by excavating to a depth of

approximately 1.0 meter in order to sample less disturbed material and not affected by
desiccation.
Both the peak strength and the residual friction angle are fundamental soil
properties for slope analysis. For the peak and residual strength measurements, an
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applied load of at least 10 kg-force on the torvane was achieved by rotating it. Pertaining
to recurring landslides, Skempton (1970) showed that once a failure plane has occurred
and a continuous slickenside failure surface has developed only the residual shear
strength is available to resist sliding (Duncan and Wright, 2005). In this way, the residual
strengths of the materials were estimated using the torvane device: after the peak strength
was achieved, the device was rotated at least 2 times and then the residual strength was
measured. The torvane device roughly reports a strength that can be compared to an
undrained strength for a confined unconsolidated tri-axial test (Smith et al., 2001).
Strengths for the other materials involved in the landslide were obtained by correlating
values obtained from direct ring shear tests done on similar soils gathered through the
experience of GeoConsult on various projects.

Table 3.1 summarizes the strength

parameters utilized for the slope stability analysis in this study.
Table 3.1 Strength Parameters Utilized for the Slope Stability Analysis at El Berrinche.
Residual Strength
Material

Colluviums
Residual Soil
Altered Shale

c'
(kPa)
4.8
71.8
45.5

φ'
(º)
40
5
3

Unit Weight

γ

γ'
3

(kN/m )
19.9
19.7
20.2

(kN/m3)
10.1
9.9
10.4

In this study, a computer program XSTABL (Sharma, 2001) is used for stability
analysis.

This program implements the analysis method by Spencer (1967) for

performing two-dimensional limit equilibrium analysis. Multiple runs of the computer
program with changes in pore water pressures, soil mass geometry, and shear strengths
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were performed to replicate and evaluate various conditions that might occur at El
Berrinche under natural and man-made conditions.
Because the shear plane is believed to run along the stratum of the altered shale,
where pore water pressure based on peizometric level is the highest, the Janbu block
analysis option of the XSTABL program is considered more suitable. Block shape
surfaces provide a means to concentrate the slip surface generation within a confined
zone that may represent a potentially weak layer. This option allows the user to utilize
search boxes for generating the passive and active portions of the block surface using
irregularly oriented segments. Figure 3.4 shows the ten most critical slip trial surfaces
obtained from XSTABL, as well as, the most critical slip surface. The sample output of
the stability analysis of the landslide at a piezometric level of 945 m.a.s.l., which
represents a typical rainy season with rain intensity below 300 mm/month, is shown in
Appendix A. Additional details regarding the analysis can be found in the XSTABL user
manual (Sharma, 2001).
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Figure 3.4 XSTABL Most Critical Surface Using Janbu Method for GWL at 945 m.a.s.l.
With the stability analysis it was feasible to evaluate the factor of safety of the
landslide which is summarized in Table 3.2. It is important to point out that before 1998
shear strengths were considered to be peak values since deep failure had not occurred; in
all previous events, the potential failure surface is assumed to be relatively shallow and
exclusively within the upper colluvial envelop. Additionally, the prior topography was
different than the current state of the landslide.
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Table 3.2 Factor of Safety at El Berrinche Landslide for Several Stages.
Shear
Movement
Strengths
of Slope
(φ,c)

Stage

Condition

1

Before
1998

None

Peak

2

1998
Failure

Slide

Residual

3

Current
Condition

At-Rest

Residual

u, Pore Pressure

GWL below ground
level, normal
elevation
GWL higher than
ground level, high u
GWL below ground
level, normal
elevation

FS

1.2
0.82
1.07

Two-Dimensional and Three-Dimensional Analyses
As recognized by Griffiths and Marquez (2007), the vast majority of slope
stability analyses are performed in two dimensions under the assumption of plane strain
conditions. The general concepts associated with two-dimensional analysis have been
explained previously. A number of three-dimensional stability analysis methods and
computer programs have been developed. Duncan (1996) presented a review of different
methods on this aspect. Stark & Eid (1998) investigated the performance of three
commercially available computer programs in their attempts to analyse practical landslide
case histories (Chen et at., 2005). Based on the limit equilibrium methods, a group of
three-dimensional stability analysis approaches have been proposed by Baligh & Azzouz
(1975), Hovland (1977), Chen & Chameau (1982), Hungr (1987), Zhang (1987), Gens et
al. (1988), Hungr et al. (1989), Lam & Fredlund (1993), Feng et al. (1999), Huang & Tsai
(2000) and Chang (2002). To account for the spatial configurations, the failure mass is
composed of three-dimensional vertical columns rather than two-dimensional slices.
Although the three-dimensional analysis may be justified on geometric grounds, the
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existing methods, being often based on extrapolations of two-dimensional methods, are
more complicated, involve numerous assumptions, and are not readily modified to
account for realistic boundary conditions in the third dimension (Griffiths and Marquez,
2007). As recognized by Loehr et al. (2004), there are probably a number of reasons for
the lesser development and use of three-dimensional analysis procedures including: 1) It
is much more difficult to rigorously satisfy static equilibrium in three dimensions, 2) the
three-dimensional procedures often assume a very simple, restrictive geometry for the
slope and slip surface, 3) computer software to implement the procedures is much more
complex and difficult to develop, thus the required implementations are lacking, and 4) in
many cases the differences between factors of safety from the two-dimensional and the
three-dimensional analyses are small.
Besides the reasons stated previously, recurrent landslides have a high degree of
uncertainty in its shear strength parameters; as such, employing highly sophisticated
software does not necessarily guarantee an improved assessment. Hence, a proven 2-D
computer code such as XSTABL represents a good option for landslide assessment. The
program XSTABL can handle a wide variety of slope geometries, soil stratigraphies,
shear strengths, pore water pressure, external loads, and earthquake loads. The program
automatically searches for the critical slip surface and has graphic capabilities to display
the input and output data.
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Sensitivity Study to Examine the Influence of Groundwater Level
After determining the appropriate shear strength values for the use in the analysis of
the main block (south block), and having concurrently defined the current topography,
geology and location of the shear plane, it became of great importance to study the
influence of the groundwater level within the landslide system.

During high

precipitations, like a tropical storm and especially during a hurricane, large volumes of
rainfall and runoff infiltrate into the ground resulting in a recurrent problem for El
Berrinche, particularly at the middle to lower sections of the landslide: The problem
occurs when the groundwater flow within the landslide’s slope is prevented from leaving
at the toe, in this case at the river - this ‘obstruction’ is a natural blockage from geological
aspects (faults) and/or clay fills. In either case, the piezometric elevation is raised to
higher elevations, and at some point, it may even surpass ground surface. This may
trigger the loss of soil strength at the toe of the slope and cause the failure of the slope.
Presently, the Choluteca River’s mean water surface has an elevation of
approximately 930 m.a.s.l. (meters above sea level). By introducing into the analysis the
effect of the piezometric elevation and the corresponding pore-water pressure, the effect
of the pore water pressure or the piezometric elevation on the stability of the slope can be
investigated. Considering this possibility, it would be of interest to determine the critical
piezometric elevation. This can be carried out through a sensitivity analysis. Figure 3.5
shows the results of this analysis. As the piezometric level is lowered, the FS increases,
improving the stability of the slope. At a normal rainy season with the rain intensity not
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greater than 300 mm per month, the piezometric level is approximately at 945 m.a.s.l. At
this piezometric level, the analysis of the El Berrinche slope yields FS = 1.07.
During high precipitation, e.g., above 300 mm per month, the piezometric level is
raised, and if the piezometric level reaches a height of approximately 950 m.a.s.l., the FS
of the slope begins to drop below 1.0, indicating that failure is imminent. The high
piezometric level is more likely to occur during hurricanes or persistent tropical storms.
Normally, the piezometric level varies throughout the year between 931 and 940 m.a.s.l.,
allowing the slope to remain relatively ‘stable’ within a FS ranging between 1.19 and
1.12.

Figure 3.5 Piezometric Elevation and its Effect in the FS.
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Based on the results of the above analysis, it is obvious that the piezometric elevation
observation can be a very useful tool to forecast the risk level of landslide. For example,
when the piezometric level within instrument BS-1, located at the lower area of the slope,
reaches an elevation of 945 m.a.s.l., it may appropriate to issue a warning, with which the
population and especially the city officials are able to take precautionary actions. As can
be seen in Figure 2.8, within the past 10 years, the amount of rain per month has not
surpassed 300 mm; thusly, the city has been spared of a recurrent catastrophe.
Nevertheless, sooner or later, a strong tropical storm or a hurricane may arrive and raise
the level of danger for the city. In 2007, Hurricane Felix was prognosticated to pass
through central Honduras, fortunately it degraded into a seasonal storm by the time it
reached Tegucigalpa and the amount of rain was not significant enough to raise the
piezometric level within the landslide mass. With the current “state” of the slope, a new
slide is expected once the piezometric level reaches a height of 950 m.a.s.l. Thus, the
effective engineering solutions to prevent the slides would involve measures that can
lower the raising of the piezometric level.
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CHAPTER FOUR
RELIABILITY ANALYSIS

A rational approach for performing slope stability analysis includes the general
activities of site investigation, field testing, laboratory testing, and engineering analysis.
To begin with, the geotechnical, geological, topographical, meteorological and
hydrological aspects of the slope analysis must be characterized. Furthermore, after
characterizing each aspect, a deterministic slope stability analysis can be performed as
presented in Chapter Three. In view of the uncertainties in the input parameters, it is
desirable to also perform reliability analysis that considers explicitly these uncertainties.
Eliminating uncertainty from a landslide site is difficult. Most of time, engineers
have to infer a geological profile (log) from a few boreholes. Nevertheless, taking into
consideration that there have been 30 boreholes located throughout the landslide area, the
uncertainty of the different materials involved in the landslide has been reduced.
Coupled with an updated topographic survey completed by GeoConsult in May, 2008, an
improved geological interpretation and location of the underlying stratigrahy has been
completed.
Based on the results presented previously, it is decided to focus the reliability
slope analysis on the variation in ground water level and the uncertainty in the shear
strength parameters. Figure 4.1 shows a flow chart of the general process of performing
reliability analysis for the determination of the probability of slope failure. The reliability
analysis is a necessary step before performing the risk assessment of the landslide.
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Geotechnical
Aspects

Geological
Aspects

Topographical
Aspects

Meteorological
Aspects

Hydrological
Aspects

Calculate Deterministic FS

Uncertainty in
Strength Parameters

Reliability
Analysis

Uncertainty in
Groundwater Level

Probability of Slope
Failure
Risk-Based Cost-Benefit
Analysis of Alternatives

Figure 4.1 Flow Chart of the Proposed Framework to Perform Risk Based Cost Benefit
Analysis of Alternatives.
Uncertainty in Strength Parameters and Variation in Ground Water Level
The uncertainty in soil parameters is mainly due to inadequate laboratory tests,
spatial variability of soils, geological anomalies as well as human mistakes.

Slope

engineering is perhaps the most dominated by uncertainty (El-Ramly, 2002) and is a
branch of geotechnical engineering that is highly amenable to probabilistic treatment
(Griffiths and Fenton, 2005). As recognized by Christian (2004), though the geotechnical
community long ago learned practical ways to deal with uncertainty by the observational
method (Peck, 1969) and calculated risk (Casagrande, 1965), it has been reluctant to
embrace the more formal and rational approaches of reliability theory. Conventional
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deterministic slope analysis does not account for uncertainty in an explicit manner (ElRamly, 2002). In this sense, the need to deal with various assumptions about distribution
of soil parameters might be a barrier to wider applications of this method (Juang et al.,
1998). There are two reasons for this as expressed by Duncan (2000). First, reliability
concepts are not familiar to most geotechnical engineers.

Second, it is commonly

perceived that reliability theory would require more data, time, and effort.
Reliability analysis requires understanding about the different uncertainties within a
landslide system. Uncertainty is either a product of “chance” (quantitative) or caused by
lack of knowledge (qualitative).

Qualitative uncertainty, also defined as cognitive

(Haldar and Mahadevan, 2000) or aleatory (Christian, 2004), is related to the vagueness
of a problem which is so unpredictable that additional effort does not improve the ability
to estimate it. On the other hand, quantitative or non-cognitive uncertainty can be
classified into three sources. The first source is inherent randomness in all physical
observations due to numerous fluctuations, such as: geological anomalies, inherent spatial
variability of soil properties, scarcity of data, changing environmental conditions,
unexpected failure mechanisms, simplifications, human error and approximations
adopted in the geotechnical models (El-Ramly et al, 2002). The geotechnical engineer
tries to address this type of uncertainty by collecting as much data as possible to provide
a good estimate of the variability of the observations, whether it is geological profile,
strength parameters, groundwater level among others.
observations is limited due to budget and time.
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Nevertheless, the number of

The second source is statistical uncertainty.

Although some observations are

available, the variability of the quantities is dependent on the number of observations
collected and an accurate estimate of the variability is difficult to obtain without a
statistically significant dataset. In routine geotechnical engineering, a statistically
significant database is almost always unavailable or too costly to obtain (Juang et al
1998). In this case, quantitative measures of confidence are based on the amount of data
added to the reliability evaluation.
A third source of uncertainty is referred to modeling uncertainty. Slope stability
analysis models are only approximate representations of a landslide behavior.
Computational model strive to capture the essential characteristics of a system behavior
through idealized mathematical relationships or numerical procedures. In the process,
some of the minor determinants of a system behavior are ignored leading to differences
between the computational prediction and the actual behavior. Probabilistic methodology
is able to include modeling uncertainty in the analysis (Haldar and Mahadevan, 2000).
While treating these two types of uncertainties (qualitative and quantitative)
separately is more desirable in principle (Harr, 1987; Hattis and Burmaster, 1994),
routine risk assessments often treats them in a single analysis with satisfactory results
(Juang and Elton, 1996).
In this study, application of the probabilistic analysis for El Berrinche involves the
consideration of uncertainty in the shear strength parameters and variation in the
groundwater level. More than an academic exercise, the shear strengths at this site are
uncertain due to inadequate and low-quality laboratory tests. It is recognized that other
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factors might also contribute to the overall uncertainty of FS (Juang et al, 1998; Kumar
and Hall, 2004; Chowdhury and Flentje, 2005); however, these factors, like stratigraphy,
spatial distribution, unit weight, are not deemed as influential and not considered within
the scope of this study.
Rainfall is highly uncertain. Although extensive rainy seasons are always
forecasted in tropical climates like Honduras, it seems these predictions are more
inconsistent, rain periods seem to have lesser durations but are accompanied with a
greater intensity. Statistical data is available for the amount of rainfall; most of this
information has been extrapolated from the city’s airport which lies several kilometers to
the south of the investigated site. With the corresponding rainfall observations that are
available a general categorization for the different rain intensities was established. Three
main rain intensity ranges have been defined based on the last 10 year record: rainfall
below 300 mm/month; between 300 and 500 mm, and above 500 mm. The rain intensity
leads to a direct effect on the groundwater level; in this way the groundwater level is to a
great extent determined by the amount of water that is allowed to infiltrate in the area and
to surcharge the phreatic and piezometric gradient. The FS has been calculated for
different piezometric levels (see Chapter Three). Rainfall prior to 1998 is available;
however no piezometers had been installed in El Berrinche in order to correlate the
pluvial information with the groundwater level at the site.
The uncertainty in the strength parameters at the El Berrinche landslide site is
considered very significant, which casts a doubt on the capability of the deterministic
slope stability analysis to pin-point the actual safety level of the slope. To this end, the
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probabilistic approach provides a tool for an updated and more rational assessment of the
landslide. The probabilistic approach tries to assess the present and future conditions of
El Berrinche slope using information from the past, including experience and judgment.
The results presented in Chapter Three suggest that the slope is most sensitive to
the variation of strength parameters in the altered shale layer.

To further test the

sensitivity, a modest change in the strength parameters in the shale layer can reduce the
computed FS value by 0.05 as shown in Table 4.1. To have the same change in the
computed FS, larger variation is needed in residual soil or colluviums. Furthermore, the
unit weights of the soils at the site are approximately the same, and do not contribute to
the possible variation in the computed FS value.
Table 4.1 Sensitivity Analysis of Geotechnical Strength Properties to
Reduce the Calculated FS by 0.05.
Shear
Strength

Material

Colluviums

Δφ'

7º

Δc'

-

Residual
Soil

Altered
Shale

4°

1º

25 kPa

5.5 kPa

The uncertain parameters for the shear strengths can be expressed mathematically.
For example, if a random variable x has n observations, the mean or expected value of x
is a measure of the central tendency in the data. This mean, denoted as μx, can be
expressed as:
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μx =

1 n
∑ xi
n i =1

(4.1)

The variance of x is a measure of spread in the data about the mean, also known as
the second central moment; this variance, denoted herein as Var(x), is defined as:

Var ( x ) =

1 n
( xi − μ x ) 2
∑
n − 1 i =1

(4.2)

The standard deviation, denoted as σx, is the square root of the variance:

σ x = Var ( x )

(4.3)

Although the standard deviation is expressed in the same unit as the mean, its
absolute value does not clearly indicate the degree of dispersion in the random variable,
without referring to the mean. Thus, it is desirable in many occasions to express the
variation in terms of coefficient of variation, defined as:

COVx =

σx
μx

(4.4)

For the El Berrinche landslide site, the test data is not sufficient to perform a
statistical analysis to determine the COV of the strength parameters.

According to

Duncan (2000), the published COVs for the shear strength parameters may be used as a
guide to estimate these values. Based on the published COVs (Harr, 1987; Phoon and
Kulhawy, 1999; Duncan, 2000), the COVs of the strength parameters of soils at the El
Berrinche landslide site are estimated and shown in Table 4.2.
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Table 4.2 Mean Value and Coefficient of Variation Estimated for the
Shear Strength Parameters of the Altered Shale.
Altered Shale

μ
COV

c′

φ′

(kPa)
45.5
0.40

(º)
3
0.20

Reliability Analysis for Probability of Slope Failure
Due to uncertainties discussed above, a satisfactory performance may not be
ensured by the FS alone. For example, a slope with a computed factor of safety greater
than 1.0 can still fail as reported in the literature. Therefore, it is advantageous to
determine the probability of a slope as a complementary measure to the computed FS.
Thus, the reliability of the El Berrinche slope can therefore be stated as the probability
that the slope will remain stable under specific conditions or under a proposed remedial
solution.
The term reliability index is a measure of reliability of an engineering system that
reflects both the mechanics of the problem, as well as the uncertainty in the input
variables. The reliability index (β) can be defined in terms of the expected value and the
standard deviation of the performance function as follows:

β=

μFS − 1
σ FS

(4.5)

And the nominal probability of failure is defined as:
Pf = 1 − ψ ( β )
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(4.6)

where ψ is the cumulative standard normal distribution.
Theoretically, the probability of failure can be determined by constructing a
probability density function (PDF) on the performance function and by calculating the
area under the PDF curve that is less than the value of the limit state. It is important to
recognize that the shape of the probability distribution for the soil strength parameters is
generally unknown. For practical purposes, an approximate statistical moment of the
performance function is obtained from the estimated moments of soil parameters. Using
the approximate moment of the performance function, the reliability index defined as the
number of standard deviations by which the expected value of the performance function
exceeds the limit state can be calculated. In other words, the probability of satisfactory
performance can be simply characterized by the reliability index.
The factor of safety is often assumed to follow normal distribution for simplicity
(see Figure 4.2). Normal or Gaussian distribution is the most common type of probability
density function used for probabilistic studies in geotechnical engineering.
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Figure 4.2 A Sketch of Normal Distribution Probability Density Function.
It is commonly accepted that random variables with large variations (e.g. cohesion)
tend to follow lognormal distribution (Wolff, 1996). However, the lognormal distribution
can easily be handled through a transformation to the corresponding normal distribution.
In this study, two approaches are considered in the probabilistic analysis of the El
Berrinche slope. One is the first-order-second-moment (FOSM) method, and the other is
the vertex method. The FOSM is based on a first-order Taylor series approximation of
the performance function; it requires only up to the second moment statistics (mean and
standard deviation). In some geotechnical analysis, in which data is insufficient for a
determination of these statistics, the second approach involving treating the variables as a
fuzzy set (Zadeh, 1965; Juang et al., 1998) may be used. The results of the stability
analysis of the El Berrinche slope using the two approaches are presented.
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FOSM Approach
The FOSM method is described below by means of a four-step procedure (after
Duncan, 2000):
1. Determine the mean parameters involved in the analysis and compute the factor of
safety by the deterministic method. This results in a mean factor of safety, μ FS . For
the El Berrinche slope, the stability analysis using the data listed in Table 4.2 yields
a factor of safety of μ FS = 1.07.
2. Estimate the standard deviations of the strength parameters.

In this case, the

standard deviations are estimated with the COVs listed in Table 4.2.
3. Compute the factor of safety one at a time with respect to change in an individual
input variable. First, the FS is calculated by increasing by one standard deviation
from the mean, while all other variables are kept constant. Then, with respect to
the same variable, the FS is computed for the scenario where the value is decreased
by one standard deviation from its mean. The difference in the two calculations
yields ΔFS with respect to this input variable. Repeat this process for all uncertain
input variables. Then the standard deviation of FS, denoted as σ FS , which results
from the variation in the input variables, can be computed as:

σ FS =

⎛ ΔFSi ⎞
⎜
⎟
∑
2 ⎠
i =1 ⎝
n

2

where n is the number of uncertain input variables.
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(4.7)

4. Compute the reliability index β with Equation 4.5 and then the probability of slope
failure Pf with Equation 4.6. This step can be easily implemented by means of the
table of the cumulative standard normal distribution or by utilizing the NORMDIST
function in MS Excel.
The above step-by-step procedure is first used to analyze the stability of the El
Berrinche slope for the scenario that the rain intensity is less than 300 mm/month. This
scenario approximates a ‘typical’ rainy season in Tegucigalpa, where the corresponding
piezometric level does not reach an elevation higher than 945 m.a.s.l. For this scenario,
the results of the analysis are shown in Table 4.3 Calculations corresponding to this
method are shown in Appendix B.
Table 4.3 Taylor Series Reliability Analysis for El Berrinche at a
Piezometric Level of 945 m.a.s.l.
STEP 1
Mean factor of safety with mean strength parameters, μ FS = 1.07
STEP 2
Values FS ΔFS
Strength Parameter
Cohesion value, c '
63.7
1.17
mean plus one σ
0.18
27.3
0.99
mean minus one σ
Effective angle of friction, φ'
4
1.13
mean plus one σ
0.11
2
1.02
mean minus one σ
STEP 3
2

2

⎛ 0.18 ⎞ ⎛ 0.11 ⎞
⎟ +⎜
⎟ = 0.105
⎝ 2 ⎠ ⎝ 2 ⎠

σ FS = ⎜
STEP 4

μFS − 1
= 0.664
σ FS
P = 1 − ψ ( β ) = 0.253
β=

f
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(4.7)

(4.5)
(4.6)

A similar analysis is conducted for the scenario that the rain intensity is higher than
300 mm/month but less than 500 mm/month. This range represents a possible ‘warning’
zone, where the corresponding piezometric elevation has elevated to 950 m.a.s.l. For this
scenario, the results of the analysis are shown in Table 4.4.
Table 4.4 Taylor Series Reliability Analysis for El Berrinche at a
Piezometric Level of 950 m.a.s.l.
STEP 1
Mean factor of safety with mean strength parameters, μ FS = 1.00
STEP 2
Values FS ΔFS
Strength Parameter
Cohesion value, c '
63.7
1.09
mean plus one σ
0.18
27.3
0.91
mean minus one σ
Effective angle of friction, φ'
4
1.05
mean plus one σ
0.11
2
0.94
mean minus one σ
STEP 3
2

σ FS
STEP 4

2

⎛ 0.18 ⎞ ⎛ 0.11 ⎞
= ⎜
⎟ +⎜
⎟ = 0.105
⎝ 2 ⎠ ⎝ 2 ⎠

μFS − 1
= 0.00
σ FS
P = 1 − ψ ( β ) = 0.500
β=
f

(4.7)

(4.5)
(4.6)

Finally, a third analysis is conducted for the scenario that the rain intensity is
greater than 500 mm/month.

This scenario matches the rain intensity for the past

Hurricane Mitch, where the corresponding piezometric elevation has elevated to at least
956 m.a.s.l. For this condition, the results of the analysis are shown in Table 4.5.
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Table 4.5 Taylor Series Reliability Analysis for El Berrinche at a
Piezometric Level of 956 m.a.s.l.
STEP 1
Mean factor of safety with mean strength parameters, μ FS = 0.94
STEP 2
Values FS ΔFS
Strength Parameter
Cohesion value, c '
63.7 1.03
mean plus one σ
0.18
27.3 0.85
mean minus one σ
Effective angle of friction, φ'
4
0.99
mean plus one σ
0.12
2
0.87
mean minus one σ
STEP 3
2

σ FS
STEP 4

2

⎛ 0.18 ⎞ ⎛ 0.11 ⎞
= ⎜
⎟ +⎜
⎟ = 0.108
⎝ 2 ⎠ ⎝ 2 ⎠

μFS − 1
= 0.555
σ FS
P = 1 − ψ ( β ) = 0.710
β=

f

(4.7)

(4.5)
(4.6)

The results for the three rain intensity scenarios described previously are
summarized in Table 4.6. Also listed in Table 4.6 are the results of similar analyses
assuming lognormal distribution. In this regard, it should be noted that the lognormal
reliability index (βLN) is computed with the following equation (Duncan and Wright,
2005):

β LN

⎛
⎞
μ FS
⎟
ln⎜
⎜ 1 + COV 2 ⎟
FS ⎠
= ⎝
ln(1 + COVFS2 )
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(4.8)

Table 4.6 Taylor Series Reliability Analysis for El Berrinche at
Different Piezometric Levels.
Rain Intensity
(mm/month)

Piezometric Level
(m.a.s.l.)

< 300
300 – 500
> 500

945
950
956

Pf
Normal
Lognormal
distribution distribution
0.25
0.26
0.50
0.48
0.71
0.72

As can be seen from the results presented in Table 4.6, the Pf values are practically
the same here regardless of what distribution (normal or lognormal) is assumed for the FS.
The results of the reliability analysis of the El Berrinche slope indicate that at the
piezometric level of 945 m.a.s.l., the likelihood of slope failure considering the parameter
uncertainties is low (Pf ≈ 0.25); the failure event is possible but unlikely.

At the

piezometric level of 950 m.a.s.l., the slope failure is likely (Pf ≈ 0.50); and at the
piezometric level of 956 m.a.s.l., the slope failure is very likely (Pf ≈ 0.71). The failure
possibility expressed in terms of probability of failure enables a more effective risk-based
cost-benefit analysis of alternative remedial measures.

Fuzzy Sets and Vertex Method
One of the challenges in the formal reliability analysis is the determination of the
distribution of the input random variable or at the minimum the determination of the
statistics of this distribution (i.e., the first and second moments). The challenge is
primarily due to insufficient test data of soil parameters. To this end, fuzzy set theory

60

(Zadeh, 1965) provides an effective means of describing an uncertain input parameter.
Fuzzy set is all about the degree of belief. A fuzzy number is a special type of fuzzy set,
which is suitable for describing an uncertain parameter. For example, the effective
friction angle of a soil may be described as about 22°. Depending on how confident the
geotechnical engineer is, a fuzzy number of about 22° indicates that the value of this
friction angle is most likely 22° but it can be as low as (but very unlikely), say, 18°, and
as high as, say, 26°. Therefore, the degree of belief is highest (at 1.0) when the friction
angle for this soil is 22°, and the degree of belief is lowest (at 0.0) when the friction angle
for this soil is 18° (or 26°). The degree of belief is described by the membership function,

μx ; thus, μx (22) = 1.0, μx (18) = 0.0, and μx (26) = 0.0. Figure 4.3 shows this
membership function that characterizes the fuzzy number about 22°. It is noted that the
membership function is not a probability density function (PDF), although by a simple
normalization step (with respect to the area under the membership function “curve”), it
can be converted into a PDF.

Figure 4.3 Membership Function that Characterizes a Fuzzy Number.
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When evaluating a given soil parameter for an engineering analysis, the engineer is
likely to have some idea, albeit based on limited data, about its most likely value, lower
bound and upper bound. In other words, the engineer is expected to be able to estimate
the most likely value and the lower and upper bounds of an input variable based on
limited data; and this estimate will lead to a fuzzy number, even if the data is not
sufficient to make a statistical characterization. For the analysis of the El Berrinche slope,
although the data for strength parameters are insufficient for statistical analysis, these
uncertain strength parameters can be represented by fuzzy numbers. When part or all of
the input variables are expressed as fuzzy numbers, the slope stability analysis may be
conducted by applying the vertex method (Dong and Wong, 1987; Juang et. al., 1998).
Slope stability analysis using the vertex method can be summarized below in a
step-by-step procedure:
1. For each uncertain parameters (c′ and φ′), estimate the most likely value and the
lower and upper bounds. For all other parameters, estimate only the representative
values. Table 4.7 shows the assumed values for the strength parameters of the
altered shale.
Table 4.7 Most Likely Value, Highest Conceivable Value and Lowest Conceivable
Value for the Shear Strength Parameters of the Altered Shale.
Altered Shale
xm
xmin
xmax

c′

φ′

(kPa)
45.5
20.0
70.0

(º)
3
0
6
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2. For each uncertain parameter, a fuzzy number is formed with the estimate of three
values, the most likely value, the lower bound and the upper bound. At a given
confidence level (α = 0.0, 0.25, 0.5, 0.75, and 1.0), a horizontal line will intercept
the triangular membership function at two points and form an interval (XL, XU). Of
course, at α = 1.0, the interval shrinks to a point. In other words, a fuzzy number
can be represented by a set of intervals (see Figure 4.4). Repeat this process for all
uncertain parameters. In the present analysis, only two parameters, c′ and φ′, are
treated as uncertain variables. To assess the variation in the ground water level, the
slope stability analysis is performed at different piezometric elevations.

(X)
1.00

0.75
0.50

0.25
0.00

= 1.00

[XL, XU]
Interval at a
given level

= 0.75
= 0.50
= 0.25
= 0.00
Xmin

XL

XU

Xmax

Parameter, X

Figure 4.4 Discretization of a Random Variable into a Set of α-cut Intervals.
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Figure 4.5 An Example FS Fuzzy Number Characterized with a Set of α-cut Intervals.
3. To perform XSTABL analysis, all input variables must be fixed values.

To

consider the parameters c′ and φ′ as uncertainty variables, the α-cut concept is
applied. Staring at α= 0.0, both variables c′ and φ′ have two possible values, the
lower bound and the upper bound. Thus, there are four possible combinations of c′
and φ′. Using each combination of c′ and φ′ and all other data as the input, the
slope stability analysis can be performed using XSTABL, and a factor of safety FS
can be obtained. Repeat this calculation for all other combinations, three additional
FS values can be obtained. Thus, for all four possible combinations of c′ and φ′,
four FS values can be obtained. Taking the minimum and maximum of the four FS
values, an interval of FS is determined. This FS interval is the result of the stability
analysis at α-cut level of 0.0.
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4.

Repeat Step 3 for all other α-cut levels, a set of FS intervals are obtained. This set
of FS intervals defines a fuzzy number of FS. Figure 4.5 shows an example of the
obtained FS fuzzy number.

5.

The probability of slope failure can be determined by taking the ratio of the shaded
area (i.e., the area under the “curve” between FSmin and FS = 1) over the entire area
under the membership function that characterizes the resulting FS fuzzy number.
Calculations corresponding to this method are shown in Appendix C.

Application of the above procedure to the El Berrinche slope can easily be carried
out with XSTABL and post-processing with MS Excel©. The resulting probabilities of
failure for the three scenarios of piezometric levels are shown in Table 4.8. As can be
seen from Table 4.8, the results obtained with the vertex method are consistent with the
FOSM solutions. Practically, the same conclusion can be drawn: at the piezometric level
of 945 m.a.s.l., the slope failure is unlikely (Pf ≈ 0.25); at the piezometric level of 950
m.a.s.l., the slope failure is likely (Pf ≈ 0.48); and at the piezometric level of 956 m.a.s.l.,
the slope failure is very likely (Pf ≈ 0.71).
Comparison of both methods can also be shown by plotting the probability of
failure at different piezometric elevations (Figure 4.7). As shown, the results obtained by
either method are consistent.
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Table 4.8 Reliability Analysis Comparison for El Berrinche at
Different Piezometric Levels.
Rain Intensity
(mm/month)

Piezometric Level
(m.a.s.l.)

< 300
300 – 500
> 500

945
950
956

Pf
FOSM
Normal
Distribution
0.25
0.50
0.71

Vertex
method
0.25
0.48
0.71

Figure 4.6 Probability of Failure by Different Methods at Varying Piezometric Elevations.
A complementary term for the probability of failure is the reliability, denoted as R, which
is defined as:

66

R = 1 – Pf

(4.9)

where Pf is the probability of failure. The reliability, which is the probability of success,
is considered easier to understand for non-engineers than the factor of safety; its use will
be explained in greater detail in Chapter Five.
In summary, using the Vertex Method (with limited data available) proves to give
as accurate a solution as the more well-established FOSM Method. As the results have
been verified with two different approaches, either one can be employed in the future
work, depending on the availability of the data. Pertaining to El Berrinche landslide, this
observation allows the landslide to be adequately assessed. The probability of failure
obtained from these analyses essentially quantifies the risk of future landslide, and thus,
provides a means for selecting remedial measures.

Assessment and comparison of

possible remedial measures will be explained in greater detail in Chapter Five.
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CHAPTER FIVE
REMEDIAL MEASURES
Introduction
Landslides, like all natural disasters, are complicated and unpredictable by their
nature.

In fact, landslides are considered one of the major geo-hazards and cause

hundreds of deaths worldwide every year (Cheung and Tang, 2005a, Cheung and Tang,
2005b).

To lower the risk of a landslide, the underlying geological, hydrological,

meteorological, and topographical conditions that are contributing to the landslide must
be remediated. However, many of the underlying conditions at the site of El Berrinche
landslide continue to exist today, as expressed in the previous chapters. Consequently,
the risk of a new landslide occurrence in the area is still quite high. In fact, this condition
is true not only for El Berrinche, but for many areas in Tegucigalpa, a city build on scars
and deposits of many former landslides; at least 17 precarious sites have been
documented in Tegucigalpa (JICA, 2002) and more than 50,000 throughout Honduras
(Harp et al., 2000a).
Of primary importance to landslide initiation is the local meteorological condition
of occasional large precipitation events from tropical storms or hurricanes, especially if
the rain intensity surpasses 300 mm/month. Accordingly, many researchers have done
detailed studies considering the response of a landslide to rainfall (Rahardjo et al., 2005;
Picarelli et al, 2004; Collins and Znidarcic, 2004; Zhang et al, 2005). The advantageous
aspect of this undesirable situation is that large storms are somewhat traceable and
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predictable. Several days of warning may be provided by monitoring weather conditions.
Any engineering assessment will require a close observation to the groundwater level.
An engineering probabilistic approach can be proven to be useful in predicting
different levels of risk for landslide. Rainfall events can develop positive pore-water
pressure within the altered shale and as a result, forms an elevated piezometric water
level. The relationship between the increased pore-water pressure and total rainfall may
provide a useful tool for assessing the risk of slope instability for similar landslide-prone
areas under similar climatic conditions and geologic settings.
Because of the stochastic nature of this type of hazard, probabilistic methods are
commonly invoked as a practical aid for landslide risk assessment (Wu et al., 1996).
Analyses have been carried out to obtain an updated factor of safety and corresponding
probabilities of failure for three distinct ranges of rain intensities where the piezometric
level reaches thresholds. The results demonstrate that, if another hurricane with similar
rain intensity impacts the area, the stability of the current site is marginal and the failure
is likely to occur. However, if engineering improvements are made on the surface and
underground, the stability of the site can attain an acceptable level of risk and minor soil
movements can be expected.
An accurate evaluation of the landslide is essential for effective resource allocation.
For instance, if the severity of the landslide can be predicted before the onset of
rainstorms, the landslide risk posed to the public could be greatly reduced (Cheung and
Tang, 2005b). This chapter will try to establish a method whereby a realistic assessment
of El Berrinche can be obtained for landslide management and decision making.
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Interpretation of Factor of Safety and Probability of Damage
In Chapter Four, a probabilistic assessment was performed to incorporate
uncertainty into the slope stability analysis.

Figure 5.1 plots the relationship of the

probability of failure obtained previously by FOSM method (with lognormal distribution
assumption) and FS versus the piezometric level. It should be noted that similar plots are
obtained with other methods (see Figures 5.2. and 5.3), and any of the three approaches
can be used for landslide assessment.
As demonstrated in Figures 5.1, 5.2, and 5.3, as the piezometric elevation increases
the probability of failure increases and the factor of safety decreases. However, the
degree to which the likelihood of a landslide increases as the piezometric elevation
increases is not easily assessed by strictly studying the factor of safety. In fact, a drop of
0.1 in the factor of safety from 1.1 to 1.0, does not necessarily stand for a 10% decrease
in the safety of the slope. The only conclusion that can be reasonably interpreted from
the drop in the factor of safety is that the slope being assessed has become less ‘stable’
and there is a higher risk of a landslide.
On the other hand, the probability of failure does provide a quantifiable assessment
of the risk of the landslide. At a piezometric level of 945 m.a.s.l. the probability of
failure is approximately 26%. Correspondingly at 950 m.a.s.l. the probability of failure
has increased to 48%. Thus, a rise in piezometric level of five meters can increase the
probability of failure by 22%, and the risk has nearly doubled. Furthermore, it can also
be seen that if a five meter drop is experienced in the piezometric elevation, the
probability of failure will be reduced to 12%. Because the failure potential of the slope is
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expressed in terms of probability, which is between 0 and 1, the landslide can now be
adequately assessed in three important ways. First, decisions can be made based on how
each alternative design reduces the probability of failure. Second, other slopes can be
measured with the same criteria to such an extent that the most critical sites can be
characterized and classified. Thirdly, other engineering systems analogously can also be
considered in the decision making process.

Figure 5.1 Factor of Safety and Probability of Failure Obtained by FOSM (Lognormal
Distribution Assumption) at Varying Piezometric Elevations.
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Figure 5.2 Factor of Safety and Probability of Failure Obtained by FOSM (Normal
Distribution Assumption) at Varying Piezometric Elevations.

Figure 5.3 Factor of Safety and Probability of Failure Obtained by the Vertex Method at
Varying Piezometric Elevations.
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Possible Remedial Measures
A rational approach for performing slope stability analysis can now be summarized
as a logical procedure that encompasses the general activities of site investigation, field
testing, laboratory testing, deterministic study, as well as, a probabilistic approach.
When deriving engineering solutions, it is noted that no alternative comes without a cost
associated with it. Considering the magnitude of the El Berrinche landslide, it is easy to
assume that the landslide has not been resolved primarily due to the lack of resources;
nevertheless, a compelling reason lies in the fact that there is a general lack of
understanding of the site’s conditions (Guzzetti et al., 1999). Any person, even with little
knowledge in engineering, can discern that it will be a hefty investment to mitigate the El
Berrinche landslide, but a credible analysis of the possible remediation measures and
their costs can aid in the decision making.
There are several engineering decisions that could be taken to remediate the
landslide at El Berrinche site as well as many other landslide sites. However, each
decision is accompanied by a cost associated with it and a corresponding probability of
failure. The first alternative is to do nothing and in some cases where the costs of failure
and probability of failure are both low, this decision is the most feasible. However, this
alternative is often a product of ignorance to the problem at hand, lack of immediate
resources, and politics. In fact, it is usually decided to do nothing because it requires no
investment in the short-term or even the medium-term.

However, there are often

monetary implications in the long-term, especially in the case of the El Berrinche site,
which is a recurring landslide. In terms of a cost-benefit analysis (see Table 5.1),
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although “doing nothing” involves no initial engineering cost, there is a cost associated
with the failure (Cf), in which funds will have to be allocated if and when the landslide
event reoccurs, a concept that will be explained later.
The first engineering decision, which is denoted as ED1, corresponds to “doing
nothing.” In this case, the estimated cost of engineering works is zero dollars. However,
it is very likely that the landslide will fail again, as reflected in the calculated probability
of failure (0.48) using the conditions of a Mitch-like hurricane at the el Berrinche site.
Although the damage may not be as great in magnitude as the 1998 event because
portions of the displaced mass had already been removed from the site, estimates suggest
about 50% of damage can be expected; furthermore, the landslide is expected to move
about 50 meters down slope in to the Choluteca River (PMDN-CODEM).
Table 5.1 Cost-Benefit Analysis of the El Berrinche Slope with
Different Engineering Decisions.
Engineering
Decision

Piezometric Probability
of failure,
Level
(m.a.s.l.)
Pf

R

Approximate Cost of
Engineering Works*
($ Millions)

ED1

Do nothing but with
Mitch-like hurrican

950

0.48

0.52

0

CC

Current Condition

945

0.26

0.74

0

ED2

Surface and
subsurface drainage

938

0.06

0.94

$4

Ground
improvement,
ED3 earthwork,
horizontal drainage,
deep soil mixing

NA

0.00

1.00

$13

Note: *Approximate cost of engineering works from PMDN-CODEM (2008).
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The second engineering decision (ED2) is to design and implement surface and
subsurface drainages. Surface drainages should be considered at the top of the site, along
the vitrified ignimbrite plateau. This volcanic rock, although it is massive and welded,
also has abundant fractures and cracks, especially near the scarp that borders the head of
the landslide. It is through these openings that water is allowed to infiltrate into the
landslide and more than likely surcharges the piezometric level.

Surface drainages

should consider capping the ignimbrite and also the head of the landslide where cracks
have been developing and increasing with the passage of time. Since the vast majority of
the landslide is covered with a colluvial envelop, water can easily infiltrate into the
landslide mass and affect the groundwater level. Thus, locating natural depressions from
a topographic survey along with designing specific areas for superficial drainage are
desirable to evacuate pluvial water quickly within the landslide. Subsurface drainages
are difficult to built, much more in a landslide area where angular boulders within a
chaotic matrix are common. For ED2, subsurface drainages pertain only to vertical wells,
which can be installed without difficulty within the site. It can provide two useful
benefits: first, they can provide water to the nearby neighborhoods and second, they can
be used to lower the piezometric gradient by not allowing water to accumulate within the
altered shale. Additional vertical drain alternatives such as chimneys, wick drains,
prefabricated and others can be installed for the same purpose. An estimated cost for the
completion of these works is $4 million, as shown in Table 5.1. With these facilities, the
piezometric level is likely to be below an elevation of 938 m.a.s.l. even with a Mitch-like
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hurricane at the El Berrinche site and the probability of failure can be reduced to as low
as 0.06.
The third engineering decision is to design and implement a comprehensive ground
improvement treatment. Required actions would include, in addition to the works
previously described above, the construction of horizontal drainages, deep soil mixing,
earthwork, and other earth retention systems, like bolts, anchors and soil nails. Because
the topography of the site is modified by removing land mass from the top of the
landslide, the deterministic analysis yields FS = 1.4 even with a Mitch-like hurricane at
the El Berrinche site. The probability of failure is essential zero in this scenario, and
thusly, the risk of failure is essentially completely eliminated.
All three scenarios described previously can be compared with the reference
scenario, which is the current condition (CC). In this scenario, the piezometric level is at
about 945 m.a.s.l., and no engineering work is performed. This is the same as “do
nothing” except that no extreme rainfall caused by hurricanes or tropical storms. Even so,
there is a modest probability of failure (0.26).
In Table 5.1, the term R is the reliability (see Equation 4.9). Figure 5.4 shows the
relationship of the reliability versus the piezometric elevations. The graph also relates the
engineering decision and its corresponding level of reliability. It can be seen that the
current condition (CC) has a reliability of 0.74. However, if no engineering work is
carried out (“do nothing”), but a hurricane approaches Tegucigalpa with the same rain
intensity as Mitch, the reliability of the slope would decrease to 0.52. This combined
effect of “doing nothing” and the occurrence of a Mitch-like hurricane, designated
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previously as ED1, creates the highest vulnerability to the slope, and as will be shown
later, it also represents the highest cost to the city.

Figure 5.4 Engineering Decisions and Their Effect on the Reliability.
The second engineering decision (ED2) improves the reliability significantly up to
0.94 even with rainfall intensities approaching a level consistent with those produced by
Hurricane Mitch.

This not only increases the reliability by 0.20 from the current

condition (R= 0.72), it also reduces the probability of failure by more than 40%. In this
manner, this engineering action represents an action that is worth investing. Lastly, the
third engineering decision (ED3) guarantees a ‘no-failure’ condition even with rainfall
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intensities approach a level consistent with those produced by Hurricane Mitch.
Nevertheless, it represents only an increase in reliability of 0.06 from the action of ED2,
but requires a much more significant allocation of resources. It is also important to point
out that ED3 requires the improvement actions of ED2 to be completed, plus many other
actions. It should be noted that ED3 is represented as a straight line in Figure 5.4 since
the reliability R ≈ 1.0 regardless of the groundwater level.
The concept of assigning a cost to each failure (Cf) is further explained in the
following. The basic idea is that, if the landslide occurs, a cost is implicitly attached to
repair or retrofit the resultant damage. In this way, for each proposed engineering
decision a cost is associated with the design, construction, supervision and completion of
the work, but a separate inherent cost of failure is also considered. The sum of these two
costs is denoted as a combined cost. Table 5.2 shows each engineering decision and the
corresponding costs. For the CC, as well as, ED1 and ED2, the cost of damage is the
same, approximately fifty million dollars (COPECO, 2008). There is no variation in the
cost since, if the landslide occurs, the displacement of the landslide mass would require
the same amount of money to repair the damage. On the other hand, for ED3 no
landslide is assumed, and no cost of failure is assigned.
In Table 5.2, a summary of the total costs associated with each of the engineering
decisions is presented. The total cost is equal to the sum of the cost of the engineering
work plus the cost of failure multiplied by the probability of failure. The total cost allows
for a comparison of the different engineering decisions to determine which design
alternative is the most cost-effective. From Table 5.2, CC is the baseline reference and
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represents the condition where no engineering works will be performed at the landslide
site and average levels of rainfall are expected at the landslide site. The probability of
failure under this condition is 26% with a cost of failure of $50 million leading to a total
cost of $11 million dollars.
Table 5.2 Total Costs of Different Engineering Decisions to Treat El Berrinche
Cost of
Probability
Engineering
Failure*
of failure,
Decision
Cf
Pf
($ Millions)

Approximate
Cost of
Pf x Cost of
Total Cost
Engineering
Failure
($ Millions)
**
Works
($ Millions)
($ Millions)

ED1

0.48

50.0

24.2

0.0

24.2

CC

0.26

50.0

11.0

0.0

11.0

ED2

0.06

50.0

3.0

4.0

7.0

ED3

0.00

50.0

0.0

13.0

13.0

Note: Cost of damage from Hurricane Mitch in Honduras: $3.8 Billion (Inter-American Development Bank); $5.0 Billion (NOAA).
*
Projected cost of failure for El Berrinche from COPECO (2008). **Approximate cost of engineering works from PMDN-CODEM
(2008).

Similarly, the total cost of ED1 is assessed where no engineering works will be
performed, but a rainfall event consistent with Hurricane Mitch occurs. ED1 has a
probability of failure of 48%, which is the highest among all alternatives, and a cost of
failure of $50 million leading to a total cost of $24.2 million dollars. For ED1, the total
cost of “doing nothing” and waiting for the next hurricane is the highest and poses the
greatest threat to the city, which makes it the least favorable course of action.
With the implementation of ED2, the site becomes much more reliable even with
a hurricane event (the probability of failure decreases to 6%) and the cost associated with
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failure decreases dramatically to $3 million. Adding in the cost of implementation of $4
million work, the total cost associated with this design is only $7 million, which is the
lowest total cost of the possible solutions examined. Therefore, ED2 represents the most
economical decision at the site. However, ED3 is also a desirable decision as the
probability of failure is essentially 0% and its only costs are associated with its
engineering works. However, the total cost of ED3 is $13 million, which is greater than
that of ED2. Therefore, based on the above analysis of engineering decisions, ED2 is the
most economical and most appropriate when the budget is limited. Additionally, it is
noted that ED3, even with high implementation cost, is preferable over ED1 (“doing
nothing”).
Finally, it should be noted that the above cost-benefit analysis does not consider the
annual probability of a rainfall event consistent with Hurricane Mitch and other nontechnical factors such as politics and public opinions. Furthermore, it does not consider
the cost associated with loss of human life. More detailed analysis to determine the cost
of failure is needed. Nevertheless, the analysis shows the effectiveness of using the
probabilistic methods in the landslide risk management. The same cannot be said had the
deterministic (factor-of-safety) approach been used for assessment of slope failure, as the
factor of safety is not linearly scaled (i.e., an increase of the factor of safety from 1.0 to
1.2 does not represent a 20% increase in the safety level; the factor of safety and the
chance of failure are not linearly related).
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CHAPTER SIX
CONCLUSIONS AND RECOMMENDATIONS
Conclusions
A probability-based framework is presented to account for the uncertainties in the
soil strength parameters and the variation in the groundwater level in the analysis of the
potential of slope failure or landslide. To demonstrate the proposed framework, a case
study of the El Berrinche site is conducted. With this approach, different levels of
warning for landslide are developed. Furthermore, the relationship between increased
pore-water pressure and total rainfall are demonstrated to be a useful tool for assessing
slope instability for similar landslide-prone areas under similar climatic conditions and
geologic settings.
Based on the probability of failure calculated with the reliability analysis, a strategy
is implemented for comparing the feasibility (in terms of total cost) of alternative
engineering decisions for remediating the El Berrinche landslide site. This approach is
shown to be effective in choosing the best alternative.
The following paragraphs provide a summary of the case study of the El Berrinche
landslide site and the conclusions drawn from the results of the analysis.
Coinciding with Hurricane Mitch, a massive landslide occurred at El Berrinche
which traveled across the Choluteca River and impacted Tegucigalpa’s historic
downtown. This natural barrier, created a reservoir for several kilometers upstream in the
river channel. The above situation created a major environmental issue as the effluents
which ran parallel to the river causeway were damaged and remained stagnant throughout
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the city and surrounding suburbs. The landslide and subsequent flooding to the city of
Tegucigalpa produced unprecedented damage. Because of this situation, El Berrinche
remains as an important problem to solve; some mitigation alternatives have been
proposed but these recommendations have not been pursued, primarily due to lack of
resources but also because of lack of understanding of the landslide mechanism of failure.
Thus, the risk of a landslide at the El Berrinche site is still quite high and likely to occur
in the future if no action is taken.
This study defines four categories or factors deemed responsible for initiation of the
landslide. First, the geological interpretation defines three main materials of interest
which have the following stratigrahy: a colluvial mantle, a residual soil and the altered
shale. Second, the hydrological factors may be considered in terms of surface hydrology
and sub-surface hydrology. Third, historical records from the past ten years show that
mean monthly precipitation in the Tegucigalpa area has two peaks: one in May – June, by
means of frequent afternoon convectional showers, and the second highest peak from
August to October, reflecting the influence of tropical storms and hurricanes. Fourth, the
nearly 250 meters of elevation difference from the top of the slope to the Rio Choluteca
provides plenty of potential energy for gravitational forces to instigate slope failure. The
geotechnical aspect may be considered as a fifth aspect; however it actually requires all
of the above factors plus the definition of the shear strength parameters in order to
adequately assess the landslide.
The landslide at the El Berrinche site in October of 1998 had a complex failure
scheme. Movement began around midnight of October 30th and halted in the evening of
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October 31st. This relatively slow movement revealed that the landslide did not move as a
simple circular rotational failure plane, but rather that the mass movement was complex
and moved in segments with time. After 30 exploratory boreholes within the landslide
area, two major types of failure have been identified: a debris flow which started at the
toe of the landslide, and a near rotational failure along a relatively thin shear plane area
which occurs within the red beds of the Rio Chiquito Formation, primarily along the
altered shale.
Failure of the landslide was caused by a combination of all the characteristics
discussed above. Torrential rainfall discharged upon the site and infiltrated through the
relatively permeable colluviums. At the same time, the groundwater level was also being
surcharged from above in the relatively flat ‘cerros’ (hill plateau) and through the upper
cracks causing it saturate into the residual soils and seep through the altered shale. The
high pore-water pressure reduced material strengths within the altered shale, which were
also at substantially high elevations, particularly near the middle of the landslide allowing
gravitational forces to attract the enlarged mass and failure to begin. Two separate areas
are located in the main failure blocks or zones: a small mud flow on the north side and a
larger near-rotational failure on the south side.
The stability of the slope was analyzed using methods of limit equilibrium by
computing the factor of safety through simplified equations and by means of a slope
stability computer program. After determining current topography and location of the
shear plane, shear strength values had to be back-calculated for the use in the analysis.
With the stability analysis, which enabled a feasible evaluation of the factor of safety of
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the landslide, it became of great importance to study the influence of the groundwater
level within the landslide system. At a normal rainy season with the rain intensity not
greater than 300 mm per month, the piezometric level is approximately at 945 m.a.s.l. At
this piezometric level, the analysis of the El Berrinche slope yields FS = 1.07. During
high precipitation, e.g., above 300 mm per month, the piezometric level is raised, and if
the piezometric level reaches a height of approximately 950 m.a.s.l., the FS of the slope
begins to drop below 1.0, indicating that failure is imminent. The high piezometric level
is more likely to occur during hurricanes or persistent tropical storms. Normally, the
piezometric level varies throughout the year between 931 and 940 m.a.s.l., allowing the
slope to remain relatively ‘stable’ within a FS ranging between 1.19 and 1.12.
Based on the results of the above analysis, it is obvious that the piezometric
elevation observation can be a very useful tool to forecast the risk level of landslide. In
view of the uncertainties in the input parameters, it is desirable to also perform reliability
analysis that considers explicitly these uncertainties.
Eliminating uncertainty from a landslide site is difficult. Based on the results in
previous chapters, the focus of the reliability slope analysis is on the variation in ground
water level and the uncertainty in the shear strength parameters. It is recognized that
other factors might also contribute to the overall uncertainty of FS; however these factors
are not deemed as influential and not considered in this study. The uncertainty in the
strength parameters at the El Berrinche landslide site is considered very significant,
which casts a doubt on the capability of the deterministic slope stability analysis to pinpoint the actual safety level of the slope. As shown within this dissertation, by assuming
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a normal, lognormal or triangular distribution for the shear strength parameters, the
results obtained are consistent. In this sense, the probability of failure obtained is similar
for all three scenarios.
An engineering probabilistic approach has been shown to be useful in predicting
different levels of warning for the slope stability. The relationship between increased
pore-water pressure and total rainfall may provide a useful tool for assessing slope
instability for similar landslide-prone areas under similar climatic conditions and
geologic settings. When comparing engineering alternatives, a cost-benefit evaluation
proves to be useful. The analysis shows the effectiveness of the probabilistic methods in
the landslide risk management.
With the implementation of the engineering alternative ED2, the site becomes
much more reliable (the probability of failure decreases to 6%) and the cost associated
with failure decreases dramatically.

Even with the cost of engineering work this

alternative has the lowest total cost among the alternatives examined. Therefore, ED2
represents the most economical decision at the site. However, ED3 is also a desirable
action as the probability of failure is essentially zero and its only costs are associated with
its engineering works. However, the total cost of ED3 is $13 million, which is still less
economical than ED2. Therefore, based on an analysis of the engineering decisions, ED2
is the most economical and most appropriate when the budget is limited.
Recommendations
Future research work to improve on the results of this dissertation study is
encouraged. The following is a list of possible topics that may be pursued:
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1.

Rain-intensity ranges can be narrowed from monthly to weekly or even to daily
records; this could improve the response time to a forthcoming catastrophe. The
stability analysis of the El Berrinche landslide site should be repeated to fine-tune
the prediction of landslide based on the piezometric level.

2.

Most definitely, obtaining adequate in situ and laboratory shear strengths is desirable.
Reducing the uncertainty in the shear strength parameters can improve the accuracy
and precision of the stability analysis and thusly, enabling a more realistic
assessment of the remedial alternatives.

3.

The stability of the El Berrinche slope was analyzed in two-dimensional in this
dissertation study. It would be desirable to conduct the three-dimensional analysis
of this slope to verify the accuracy of the two-dimensional analysis. Although the
three-dimensional analysis is not practical in engineering practice, it can be used to
“calibrate” the results of two-dimensional analysis.

4.

With current knowledge of the landslide, a warning system can be implemented in
order to alert the public according to the computed probability of failure. Further
study to determine the extent and size of mass movements in a landslide is needed.
Also, guidelines and policies can be developed based on the proposed framework to
assess other existing slopes and determine the level of interest or investment that
each site requires.
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Appendix A
Summary of XSTABL

Input Parameters:

Figure A-1: Summary of XSTABL Sample Calculations for
El Berrinche at 945 m.a.s.l. (1/5)
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Figure A-2: Summary of XSTABL Sample Calculations for
El Berrinche at 945 m.a.s.l. (2/5)
89

Figure A-3: Summary of XSTABL Sample Calculations for
El Berrinche at 945 m.a.s.l. (3/5)
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Output Parameters:

Figure A-4: Summary of XSTABL Sample Calculations for
El Berrinche at 945 m.a.s.l. (4/5)
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Figure A-5: Summary of XSTABL Sample Calculations for
El Berrinche at 945 m.a.s.l. (5/5)
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Appendix B
FOSM Method

Figure B-1: FOSM Method Procedure Steps 1-3 for GWL at 931 m.a.s.l
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Figure B-2: FOSM Method Procedure Step 4 for GWL at 931 m.a.s.l.
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Figure B-3: FOSM Method Procedure Steps 1-3 for GWL at 935 m.a.s.l.
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Figure B-4: FOSM Method Procedure Step 4 for GWL at 935 m.a.s.l .
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Figure B-5: FOSM Method Procedure Steps 1-3 for GWL at 938 m.a.s.l.
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Figure B-6: FOSM Method Procedure Step 4 for GWL at 938 m.a.s.l.
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Figure B-7: FOSM Method Procedure Steps 1-3 for GWL at 940 m.a.s.l.
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Figure B-8: FOSM Method Procedure Step 4 for GWL at 940 m.a.s.l.
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Figure B-9: FOSM Method Procedure Steps 1-3 for GWL at 945 m.a.s.l.
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Figure B-10: FOSM Method Procedure Step 4 for GWL at 945 m.a.s.l.
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Figure B-11: FOSM Method Procedure Steps 1-3 for GWL at 947 m.a.s.l.
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Figure B-12: FOSM Method Procedure Step 4 for GWL at 947 m.a.s.l.
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Figure B-13: FOSM Method Procedure Steps 1-3 for GWL at 948 m.a.s.l.
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Figure B-14: FOSM Method Procedure Step 4 for GWL at 948 m.a.s.l.
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Figure B-15: FOSM Method Procedure Steps 1-3 for GWL at 949 m.a.s.l.
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Figure B-16: FOSM Method Procedure Step 4 for GWL at 949 m.a.s.l.

108

Figure B-17: FOSM Method Procedure Steps 1-3 for GWL at 950 m.a.s.l.
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Figure B-18: FOSM Method Procedure Step 4 for GWL at 950 m.a.s.l.
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Figure B-19: FOSM Method Procedure Steps 1-3 for GWL at 951 m.a.s.l.
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Figure B-20: FOSM Method Procedure Step 4 for GWL at 951 m.a.s.l.
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Figure B-21: FOSM Method Procedure Steps 1-3 for GWL at 952 m.a.s.l.
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Figure B-22: FOSM Method Procedure Step 4 for GWL at 952 m.a.s.l.

114

Figure B-23: FOSM Method Procedure Steps 1-3 for GWL at 953 m.a.s.l.
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Figure B-24: FOSM Method Procedure Step 4 for GWL at 953 m.a.s.l.
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Figure B-25: FOSM Method Procedure Steps 1-3 for GWL at 956 m.a.s.l.
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Figure B-26: FOSM Method Procedure Step 4 for GWL at 956 m.a.s.l.
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Appendix C
Vertex Method

Figure C-1: Vertex Method Procedure for GWL at 931 m.a.s.l.
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Figure C-2: Vertex Method Procedure for GWL at 935 m.a.s.l.
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Figure C-3: Vertex Method Procedure for GWL at 938 m.a.s.l.
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Figure C-4: Vertex Method Procedure for GWL at 940 m.a.s.l.
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Figure C-5: Vertex Method Procedure for GWL at 945 m.a.s.l.
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Figure C-6: Vertex Method Procedure for GWL at 947 m.a.s.l.
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Figure C-7: Vertex Method Procedure for GWL at 948 m.a.s.l.
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Figure C-8: Vertex Method Procedure for GWL at 949 m.a.s.l.
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Figure C-9: Vertex Method Procedure for GWL at 950 m.a.s.l.
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Figure C-10: Vertex Method Procedure for GWL at 951 m.a.s.l.
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Figure C-11: Vertex Method Procedure for GWL at 952 m.a.s.l.
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Figure C-12: Vertex Method Procedure for GWL at 953 m.a.s.l.
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Figure C-13: Vertex Method Procedure for GWL at 956 m.a.s.l.
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